Abstract: OBJECTIVE: This study aimed to determine how tympanic membrane (TM) perforations and their closure, using a paper-patch technique, affect middle-ear mechanics and, thus, conductive hearing for different sizes of the TM perforation. STUDY DESIGN: Temporal bone (TB) study and prospective clinical trial. SETTING: Tertiary referral center. PATIENTS: Nine patients with chronic otitis media for more than 3 months. INTERVENTION: The TM perforations were closed with a paper patch in all 9 patients. In 5 of 9 patients, myringoplasty was performed. Matching TM perforations were created in a TB model (n = 8) and closed using the paper patch. MAIN OUTCOME MEASURES: Air-bone gap was measured in all 9 patients of the patient cohort with TM perforations before and after closure and in 5 patients after myringoplasty. Stapes velocity and sound pressure difference between the ear canal and middle-ear cavity were measured in TBs with intact TM, with TM perforations, and with the perforations closed by the paper patch. All measurements in the patient cohort and TBs were performed for different sizes of TM perforations to determine if the effects varied as a function of size. RESULTS: Degree of the air-bone gap differed as a function of size of the TM perforations and its recovery after closure, and myringoplasty was independent of the size of the TM perforation in the frequency range of 0.25 to 4 kHz. In the TB measurements, although pressure difference across the TM was almost fully recovered by closing the perforation with a paper patch, recovery of the stapes motion was limited at frequencies above 4.5 kHz for larger sizes of TM perforations. CONCLUSION: Hearing loss caused by TM perforations depends on the size of the perforation. Hearing returns almost completely across the frequency range after closure except above 4 kHz for larger perforations. This is because the structural damage caused by large TM perforations cannot be completely restored by application of a paper patch. 
Introduction
Chronic otitis media simplex is often encountered in clinical practice and has an incidence of 1 to 8.6% (1, 2) . The symptoms of tympanic membrane (TM) perforations, which usually include conductive hearing loss (CHL) and recurrent infections that make repetitive local treatment necessary, vary widely from patient to patient. While CHL due to TM perforation can be minimal and not bothersome in some patients, it can reach 50 to 60 dB HL in other patients thus impacting daily life. Furthermore, when the TM perforation is combined with additional middle-ear infections, it is difficult to determine how much of the total CHL is due to the TM perforation alone.
Previous theoretical (3), experimental (4, 5) and clinical (6, 7) data have shown that CHL due to TM perforation increases with increasing perforation size, and is greater at lower than at higher frequencies. It was explained that a larger size perforation results in smaller sound pressure differences across the TM and thus in a larger CHL.
Effects of the location of the TM perforation on conductive hearing have been an issue for the last several decades with contradictory results. Schmitt (8) described the differences of magnitude and phase of sound pressure between the round and oval window in patients with TM perforations as a reason for hearing loss. Perforations on a location directly lateral to the round window were considered to increase sound pressure around the round window to a larger extent than perforations on other locations of the TM, resulting in a reduction of sound pressure difference between the oval and round windows. Ahmad et al. (9) observed a larger CHL below 1500 Hz in patients with TM perforations on the posterior-inferior parts of the TM, and Masuda et al. (10) found the largest CHL in patients with TM perforations on the anterior-inferior quadrant compared to the other quadrants of the TM. By contrast, significant correlation between location of the TM perforation and CHL was not observed in other clinical (6, 7) , and experimental studies (5,11).
Mehta et al. (6) also argued that wavelengths in the frequency range below 4 kHz are larger than middle-ear dimensions; therefore, sound reaches the round and oval window simultaneously, independent of the location of the TM perforation.
Whether location of the TM perforation affects CHL or not, successful myringoplasty is presumed to re-establish sound pressure differences across the TM to the same state as before it occurred. If change in sound pressure differences across the TM is responsible for most of the CHL, then it would be expected that a myringoplasty would restore hearing to normal postoperatively. However, this is not always the clinical reality, and CHL still remains significant in some patients despite closure of the TM perforation.
This study aimed to determine how TM perforation and its closure by a paper-patch technique affect middle-ear mechanics and thus conductive hearing, for different sizes of TM perforations. One hypothesis was that the closure of the TM perforation by a paper patch reverses the hearing loss caused by the TM perforation regardless of the size of the TM perforation. Hearing thresholds were measured in a prospective patient cohort with TM perforations, after paper patching the perforation, and post-operatively after myringoplasty. In temporal bone (TB) models, pressure difference between the middle-ear cavity and ear canal and stapes motion as representatives of conductive hearing were measured with either intact (or normal), perforated, or paper-patched TM status and compared to the results from the patient cohort. Though effects of location of the TM perforation were not directly investigated, they were discussed from the results in TB models.
Material and Methods

Patient cohort
Nine patients with otitis media chronica simplex (five right and four left ears) from May 2008 to August 2010 were included in the patient cohort of this study. The nine patients consisted of 7 men and 2 women with an average age of 49.3 years (ranging from 32 to 75 years). The study was approved by the ethical committee (Kantonale Ethikkomission Zürich, Nr. 727) and was performed according to the Declaration of Helsinki (12) . Informed consent was obtained from all patients.
Inclusion criterion was otitis media chronica simplex for more than 3 months, and exclusion criteria were acute infections, traumatic perforations, age below 18 yrs, or pregnancy.
Subjective hearing thresholds were measured for three different statuses of the TM: with the perforation open (all nine patients), immediately after closing the TM using a paper patch (all nine patients), and 12 months after closure by myringoplasty/spontaneous closure (five of nine patients). The paper patch was applied as an office procedure with the patient seated in an upright position. Local anaesthesia using a small piece of cotton soaked with 10% Lidocaine hydrochloridum anhydricum (Xylocain, AstraZeneca, London, UK) was placed in the external ear canal on the remaining TM. Next, a paper patch of about 66m thickness (King size blue, Miquel Y Costa & Miquel, Barcelona, Spain), consisting of cellulose, was placed temporarily on the TM such that it covered the perforation completely, and was removed after audiometry. A surgical intervention (myringoplasty) to close the TM perforation was performed on five of nine patients, with general anesthesia using facia of the temporalis muscle.
For audiometry, air-conduction (AC) testing was performed with standard supra-aural earphones. Both AC and bone conduction (BC) thresholds were measured at 0.25, 0.5, 1, 2, 3, and 4 kHz, and the air-bone gap (ABG) was calculated from the measurements. Masking with narrow band noise at 60 dB HL was applied to the non-test ear for all BC threshold measurements.
Masking was used for AC testing when the AC threshold of the test ear differed from the BC threshold of the non-test ear by more than 40 dB.
The patients were classified into three categories according to the area ratio of the TM perforation to the total TM area: "small", less than 8 % (n=5); "medium", between 8 and 25% (n=3); and "large" greater than 25% (n=1). A limit of 8% for small, and 25% for medium TM perforation was chosen, because it confined its location within the anterior-inferior quadrant, and the anterior half, respectively. The perforated TMs were photographed with a zero-degree optic.
Using the projected photo, the ratio of the area of the TM perforation relative to the total TM area was determined using ImageJ software (NIH, Bethesda, MD, USA). The absolute size of the TM was assumed from the literature (13) to have a vertical diameter of 9.5 mm along the axis of the manubrium and a horizontal diameter of 8.5 mm along the axis passing through the tip of the manubrium and perpendicular to the vertical axis. The size of the TM perforation was calculated relatively based on the assumed size of the TM. Among the five patients who underwent myringoplasty, three patients belonged to the "small", one to the "medium", and one to the "large" categories.
Temporal Bone Measurements
Stapes velocity and sound pressure in the ear canal as well as in the tympanic cavity were measured in eight fresh TBs from human cadavers (within 7 days after death) with intact, perforated, and paper-patched TMs in sequence, for the three different sizes of TM perforations that represented the three categories defined in the patient cohort. The perforations were made with a sickle knife and micro-scissors under magnification using a surgical microscope. The "small" and "medium" sized perforations were located in the inferior-anterior quadrant, and the "large" size perforation covered most of the inferior side (Fig. 1) . The area of the TM perforations were approximately 2, 10, and 35% of the total TM area, for the "small", "medium", and "large" sizes, respectively. The paper patch was moistened with saline as needed and carefully applied to cover the perforation completely.
Three TBs were used only for the "small" size of the TM perforation and one only for the "medium" size. Two sizes of TM perforation were created in the other four TBs (one for the "small" and "large" sizes of the TM perforation, and three for the "medium" and "large" sizes). When the two sizes of the TM perforation were applied to a TB, measurements with the smaller size (including measurements with the perforation closed by the paper patch) were first conducted followed by the same procedures after creating the larger perforation. Consequently, four measurement sets for each perforation size category were obtained.
The donors of the eight TBs had an average age of 59 years (ranging from 23 to 76 years) and all measurements were done within one week from death. The human TBs were harvested within 24 hours after death, and were preserved in 0.1% Cialit (sodium-2-ethylmercurimer-captobenzoxazol-5-carbonide) solution at 4°C until the measurements were performed. The preparation of the temporal bones has been described previously (14) . Briefly, the external ear canal was drilled down to 2 mm from the tympanic annulus. An artificial external ear canal consisting of a plastic tube with a length of 1.5 cm and a volume of 0.5 ml was attached to the rim and sealed acoustically using silicon and cast. Additionally, a pressure tube was inserted in the mastoid cavity and the opening of the mastoidectomy cavity was sealed by application of cast, Vaseline, and a transparent anti-reflecting glass plate. All TBs were periodically moistened with a physiological saline solution to prevent drying during preparation.
The loudspeaker (ER-2, Etymotic Research, USA) and the microphone probe (ER-14C, Etymotic Research, USA) of the probe microphone assembly (ER-7C, Etymotic Research, USA)
were placed in the artificial external ear canal near the TM to provide acoustic stimuli and monitor the ear-canal pressure. Harmonic signals of 32 different frequencies in the range of 0.25 to 8 kHz were generated by the PSV board (V.8.6, Polytec GmbH, Germany), and were delivered to the loudspeaker individually via an amplifier (RMX 850, QSC Audio Products LLC, USA), resulting in a sound pressure level in the artificial ear canal of 88 dB SPL and up to 105 dB SPL for higher frequencies to obtain a good signal-to-noise ratio. The frequency steps were 100 Hz up to 1.8 kHz,
200 Hz up to 3 kHz, 300 or 400 Hz up to 4 kHz, and 500 Hz from 4 to 8 kHz.
As our PSV board had only two measurement channels, motion of the stapes and pressure in the artificial ear canal were first measured, then the pressures in the middle-ear cavity and in the artificial ear canal were measured. Repeated measurements of pressure in the ear canal were checked and were consistent. The motions of the stapes were measured at five points near the center of the footplate using a scanning laser Doppler interferometry (SLDI) system (OFV-3001, Polytec GmbH), and the measurements at the five points were averaged. Because these five points showed almost the same magnitudes and phases, the averaged motion from the five points was considered as a translational motion component of the stapes footplate. A signal-to-noise ratio of 20 dB or higher was achieved for all measurement points included in this analysis.
The measurement of the stapes motion was corrected by an angle between the laser beam of the SLDI system and the stapes footplate, which was obtained using micro-CT techniques. The details were described in our previous study (14) .
Statistics
The Student's t-test was performed to see significant differences in ABG between the paperpatched (n = 9) and post-operative group (n=5) in the patient cohort without the perforation size distinguished (unpaired t-test), and between the intact and paper-patched TMs in the temporal bone models (one-tailed, paired t-test). The p values less than 0.05 were considered as the level of significance. Table 1 lists sizes, locations and categories of the TM perforations, as described in the Methods section, for the nine patients. The vertical diameter ranged between 0.51 and 5.8 mm, the horizontal diameter between 0.32 and 4.5mm, and the area ratio of the TM perforation to the total TM between 0.17 and 34.5%. The perforation was located in the anterior-inferior quadrant in 5 patients (56%), overlapping in the anterior-inferior and posterior-inferior quadrants in 3 patients (33%), and including all four quadrants in one patient (11%). As a consequence, all perforations were partially in the anterior half and none was found isolated in the posterior half. Five of the nine patients underwent myringoplasty, Of these 5 patients, 3 belonged to the "small", 1 to the "medium", and 1 to the "large" categories of TM perforations. Figure 2 illustrates air-bone gaps (ABGs) with the TM perforations and after closure by paper patch, for the three categories. The largest ABGs were at 0.25 kHz, and the smallest at 2 kHz for all categories. The amount of ABG at 0.25 kHz varied with size category ranging from approximately 20 dB for the "small" up to 50 dB for the "medium" and "large" sizes. Generally, the larger the size of the TM perforation, the greater the ABG. After application of the paper patch, the ABGs were closed, and the recovered ABGs were similar for the three categories. In summary, although the degree of ABG differed with the sizes of the TM perforations, the recovered ABG after the paper-patch was similar independently of the size of the TM perforation, in the considered frequency range of 0.25 to 4 kHz.
Results
Patient cohort
The combined ABGs for all patients are plotted in Fig. 3 for both conditions. The ABGs after closing the perforation by paper patch was approximately 15 dB at 0.25 kHz, and 0 dB at 2 kHz.
The average ABG across frequency was 8.2 dB. There were no significant differences (p > 0.05) between the paper-patched (n=9) and post-operative (with myringoplasty, n=5) groups in the considered frequency range of 0.25 to 4 kHz. Figure 4 displays mean values in pressure differences between the ear canal and middleear cavity (A), and velocity of the stapes (B), where each of the quantities was calculated relative to the ear canal pressure for measurements with intact TMs (n=8). The mean pressure in the middle-ear cavity was less than 10% of the mean pressure in the ear canal across frequency except in the 1-kHz region, where the pressure measurements had a large deviation. Variation of pressure in the middle-ear cavity (relative to the pressure in the ear canal) was 2.7 radians (i.e., slightly less than 1.5 cycles). The normalized mean stapes velocity was maximum around 0.7 kHz and minimum around 4 kHz with a phase variation of 2.3  radians.
Temporal Bone Measurements
Measurements with the perforated TMs are shown in Fig. 5 . The pressure difference was reduced by a large amount, especially below 3 kHz. Even negative values in the pressure difference were observed for some cases. The chamber of the artificial ear canal with TM perforation is also presumed to contribute to the negative values as a kind of Helmholtz resonator.
The reduction was largest near 0.5 kHz for the small size of the perforation and near 1 kHz for the medium and large sizes. Variability between individual measurements was largest near the frequency of greatest reduction in both pressure and phase and was similar to the corresponding variation in the measurements with the intact TMs. The normalized stapes velocity showed almost the same magnitude compared to the corresponding magnitude in the intact TMs for small and medium sizes of TM perforation, but significantly reduced magnitude for the large sized perforation.
After the perforations were closed by the paper patch, the pressure difference and stapes velocity recovered to values similar to those in the intact-TM condition (Fig. 6 ). Only magnitude of the stapes velocity with the large size TM perforation failed to recover fully in the high frequencies. This is apparent in Fig. 7 , which represents changes in magnitudes of the pressure difference and stapes velocity after paper patch compared to the corresponding magnitudes with the intact TMs.
Significant difference (p < 0.05) between the two TM conditions (i.e., intact and paper-patched) was observed only for the stapes velocity with the large size TM perforation at frequencies above 4.5 kHz (marked by * in Fig. 7B ).
Discussion
Sound pressure difference across the TM is known to be the primary factor accounting for motion of the TM and thereby the ossicular chain in the middle ear (4). We expected that the larger the size of a TM perforation, the larger the effects on hearing because of a greater reduction in this sound pressure difference. This was confirmed by our results both from the patient cohort and the TB measurement. In the TB measurement, both the sound pressure difference across the TM and motion of the stapes were reduced. The reduction in pressure decrease across the TM was large below 1 kHz for the "small" size and below 2 kHz for the "medium" and "large" categories. That is to say, as perforation size increased, there were larger changes in sound pressure difference over a wider frequency range. These results are in agreement with clinical, theoretical, and experimental findings reported in the literature (3) (4) (5) (6) (15) (16) (17) (18) (19) . Based on our results, slight hearing losses for patients with "small" TM perforations are limited to frequencies below 0.5 kHz. Therefore, when a pancochlear ABG occurs involving the high frequencies or the ABG is larger than expected based on the perforation size, then possible additional middle-ear pathologies such as a dehiscence of the ossicular chain or a malleus or stapes fixation should be considered.
Another factor that can cause an unexpectedly large ABG is a small middle ear space. It has been shown that the volume of the middle ear space can have an effect on sound transmission of up to 35 dB HL (3) (4) (5) , and the same size of TM perforation can cause different degrees of hearing loss as a result. As the focus in our study was on the effect of closing the perforation with a paper patch, the changes in sound pressure difference across the TM and stapes motion between the normal and paper-patched TM were compared individually for each TB. Therefore, effects of middle-ear volume were not measured separately. Our surgical approach produced a mastoid cavity that was sealed with a glass cover and had approximately the same volume for all temporal bones.
Comparing the effect of the paper patch in the patient cohort with the TB measurements shows a larger residual ABG in the patient cohort. For determination of ABG with the patient cohort, the non-test ear was masked by narrow band noise at 60 dB HL to prevent it from influencing results of BC hearing thresholds of the tested ear. However, it is known that level of masking affects AC and BC thresholds, especially BC thresholds (20) . While over-masking of the non-test ear results in increased BC thresholds of the tested ear due to unintentional masking of the tested ear, under-masking of the non-tested ear results in decreased BC thresholds of the tested ear due to bilateral summation. Consequently, the increased and decreased BC thresholds result in smaller and larger ABGs, respectively than true ABGs. Masking level could have influenced thresholds in the patient cohort and be the reason for less recovery of the ABG (i.e. more residual ABG) than expected recovery from the TB measurement.
The method of using a paper patch to close a TM perforation to predict hearing outcome is known as the paper-patch test (21) , and was reported to be limited to perforations of greater than 50% of the TM membrane (22) . Though application of the paper patch was bothersome for some patients with larger TM perforations, the largest TM perforation in the patient cohort was only 34% of the total TM area, and a good seal could be achieved. The effects of covering the TM perforation with a paper patch were similar to those of the myringoplasty for our patient cohort, even with different material properties between the paper and the fascia used for TM reconstruction as reported by others (21) .
While the ABG measurement in the patient cohort could be calculated only up to 4 kHz due to technical limitations of the BC vibrator at higher frequencies, the TB measurements were extended to 8 kHz. Above 4.5 kHz, the pressure difference across the TM recovered almost fully by paper-patch application, independent of the size of the TM perforation, but recovery of stapes motion was limited for the "large" TM perforation, which involved most of the inferior area of the TM. It was observed that stapes motion was significantly reduced above 4.5 kHz with the large perforation, though pressure difference across the TM was not significant in that frequency range.
These results cannot be explained if reduction in pressure difference across the TM is the cause of hearing loss in patients with TM perforations. O'Connor et al. (23) reported that radial collagen in the TM plays an important role in sound transmission through the middle ear above 4 kHz. They argued that sound transmission with the TM perforation covered would result in a different type of sound transmission than occurs in normal ears because the radial collagen in damaged TMs cannot be restored by simply closing the TM perforation. We conclude from our results that the large perforation caused structural damage of the TM that was not fully restored by closing it, resulting in limited recovery of high-frequency hearing.
Conclusion
The ABG in patients with TM perforation depends on the size of the perforation, therefore, a pancochlear or large ABG in patients with a small TM perforation and an aerated middle-ear can be suggestive of additional pathologies in the middle ear.
While pressure difference across the TM was almost fully restored by closing the perforation with a paper patch regardless of the size of the perforation, recovery in motion of the stapes was limited above 4.5 kHz for the large TM perforation. Such a large perforation, which included most of the inferior area of the TM, is presumed to cause structural damage that cannot be restored by the paper patch. Tables and Figure Captions   Table 1 . Sizes of TM perforations in nine patients of the patient cohort. 
